Abstract { GONG data reveal that the internal structure of the Sun can be well represented by a calibrated standard model. However, immediately beneath the convection zone and at the edge of the energy-generating core the sound-speed variation is somewhat smoother in the Sun than it is in the model. This could be a consequence of chemical inhomogeneity being too severe in the model, owing perhaps to inaccurate modelling of gravitational settling or to neglected macroscopic motion that may be present in the Sun. Accurate knowledge of the Sun's structure enables inferences to be made about the physics that controls the Sun, for example through the opacity, the equation of state or wave motion. Those inferences can then be used elsewhere in astrophysics.
1
One of the principal purposes of the GONG project is to determine the internal structure of the Sun. Helioseismology is used to model the strati cation of density , the internal stress that supports the star, and the relation between them when they are adiabatically perturbed (1) . In the absence of a magnetic eld or small-scale turbulence, the stress is the gradient of the pressure p. Then perturbations of and p are related via the adiabatic exponent 1 (2) . The variation of these quantities with position is determined by seismology, and constitutes what we call the seismic structure of the Sun. One must use properties of theoretical solar models for inferring other quantities such as temperature (2) . Theoretical models also provide a reference against which to compare the seismic model.
The traditional manner of inferring the structure of the Sun is to calibrate a theoretical model: that is to say, to adjust a set of uncertain parameters which specify the model until a best t with the data is obtained. Di culty arises when the model cannot be adjusted to t all the data within the estimated measurement errors, indicating a fundamental error in the model. Various techniques, known as inverse methods, consider a wider class of possible structures by relaxing some of the basic assumptions upon which the theoretical models are based (3) . By so doing, one can come closer to explaining what the data might imply, and hence obtain a representation of the Sun that is in better accord with those data.
Many inverse methods seek di erences between certain aspects of the Sun and a theoretical model. If the structure of the model is close to that of the Sun, the equations relating the two can be simpli ed by linearization. By a sequence of re nements it has been possible to produce a model which in many respects is very close to the Sun (4). That model now serves both as a reference with which to compare the Sun, and as a guide to interpreting the di erences we nd.
Analyzing the frequencies of modes of oscillation is one means whereby the structure of the Sun can be inferred. One can also study the shapes of the oscillating disturbances { the so-called eigenfunctions { or one can investigate over a limited region of the Sun the propagation of the component waves which constitute those eigenfunctions (5) . Such studies are best suited to the investigation of lateral inhomogeneity. Nevertheless, most of the inferences to date have been obtained from global mode frequencies, and it is accordingly to these that we restrict attention in this article.
Seismic waves
Acoustic seismic waves propagate through the solar interior along ray paths almost in planes through the center of the Sun (Fig. 1) . After re ection at the surface, the waves propagate downwards, to be refracted by the sound-speed gradient back to the surface where they are re ected again. Notice that the paths are not closed, so that after many re ections the waves sample essentially the entire region outside a central zone of avoidance, and therefore provide a global diagnostic of that region. Indeed, if there were no attenuation by dissipation, a single ray would ll the accessible space. The waves of particular interest are those whose frequencies are such that on neighboring paths the waves are essentially in phase. This leads to constructive interference, and the formation of a resonant mode of oscillation with a well de ned frequency (6).
For a wave to be observed, the disturbance must pass from the interior of the Sun to the photosphere through the ill-understood surface layers which in uence the oscillation frequencies in a signi cant but partly unknown way. That in uence must be eliminated from the data.
The detailed geometry of the ray paths, and consequently the values of the resonant frequencies, are determined principally by the variation of the sound speed c through the Sun (7). Broadly speaking, the extent to which any given region of the Sun in uences the resonant frequency is proportional to the time spent in that region by an imaginary point traveling with the wave (8). This is represented in Figs. 1A and 1B by the intensity of the brown and red shading. The shading is dense near the surface of the star, where the wave speed is low. It is also relatively dense near the edge of the zone of avoidance, for although the wave speed is relatively high, the ray density is large: the imaginary point passes through the region many times. Indeed, the ray density is formally in nite at the boundary of the zone of avoidance, to which the rays are tangent. This boundary is called a caustic.
The di erence between a measured oscillation frequency of the Sun and that of a corresponding mode of a theoretical model can be represented as an average of the difference between the solar and the model wave speeds (9). However, the implications of such averages are not easy to comprehend, because they are made up of contributions from many parts of the Sun. What we would prefer is to be told the actual sound-speed di erence c at each point, but that is not possible. What is possible, however, is to be given a sequence of averages each of which is localized in space. To understand how such an average is obtained, consider the di erence between the frequencies of the modes in Fig. 1A and 1B: that provides an average of the sound-speed di erence weighted with the di erence between the corresponding weight functions (Fig. 1C) . The new weight function is greatest in the vicinity of the caustics, there having been substantial cancellation elsewhere. Thus the frequency di erence provides localized information about the sound speed. A sequence of such averages can be thought of as a blurred representation of the function c. More highly localized averages can be obtained by taking appropriate combinations of a greater number of frequencies. With enough modes one can eliminate the contribution from the surface, whereas in Fig. 1C cancellation was far from complete. Some examples of well localized weight functions are displayed in Fig. 2A .
One can instead represent the sound-speed di erence in terms of a predetermined set of functions, choosing the linear combination that best ts the data. Since emphasis here is on reproducing the data, the method is akin to the calibration of solar models, except that here the representation is not constrained to satisfy the equations that govern those models. Moreover, the number of adjustable parameters is typically much greater. Interestingly, when one has a wide range of modes such as those in the GONG dataset, the value of the resulting function at any point is an average of the actual sound-speed di erence which is usually localized in the vicinity of that point (10).
A third technique has the advantage of not relying on a reference model (Fig. 2B) . If the structure of the Sun were known above the caustic of the shallower mode, the frequency of that mode could be calculated. The structure of the more deeply penetrating wave could be calculated above the caustic of the shallower mode, and its frequency would then be calculable in terms of the unknown sound speed in the thin region between the two caustics. A measurement of the frequency would therefore determine the sound speed averaged over this thin region. From the frequencies of a succession of modes that penetrate more and more deeply, it is evident that in principle one can build up a picture of the sound-speed variation (11).
Inferences from GONG data
In Fig. 3 we plot the square of the sound speed in the Sun, obtained from GONG data, and also that in a reference model (12). The agreement is close. Only near the base of the convection zone and in the energy-generating core are there discrepancies. The former is evident in the enlargement of the vicinity of the base of the convection zone (inset Fig. 3 ).
The adiabatic strati cation in the Sun appears to penetrate about 0.002R more deeply than in the model (13) (here R is the radius of the Sun). Also, the values of u = p= , and consequently c 2 (2) , converge quickly at greater depths (Fig. 4) . Part of the di erence in u between Sun and model could be associated simply with the fact that the model convection zone may be too shallow. However, the excess u caused by that property is of lesser magnitude than that in the gure, and extends more deeply (3) . The small positive value of u=u between 0.3R and 0.6R might therefore be accounted for in this way, but the relatively sharp bump between 0.6R and 0.7R cannot. The decrease in u locally may indicate that immediately beneath the convection zone the accumulation of helium, which augments the mean molecular mass (2), has been overestimated in the reference model. This is consistent with recent computations (14{17), some results of which are compared with the Sun in Fig. 5 . The bump could in principle have been produced by an opacity error that drops abruptly to zero immediately beneath the base of the convection zone. However, such a fortuitous occurrence is unlikely.
The discrepancy in the core is the third prominent feature. Most secure is the negative region of u=u between about 0.1R and 0.2R, which implies that the variation of u itself is atter than in the model (cf Fig. 3 ). Once again this would be a symptom of there being too steep a composition gradient in the model, which here has been produced by nuclear reactions. The density inversion (Fig. 4) is consistent with this interpretation: the regions of relatively steep positive slope in = in the core and immediately beneath the convection zone imply that the magnitude of the (negative) gradient of density is too high in the model (18) .
A certain amount of turbulent mixing reduces the discrepancy immediately beneath the convection zone (Fig. 5A,B) . We have constructed models with somewhat di erent helium redistribution which reduce the discrepancy further, yet that does not imply that mixing is necessarily the solution. A model which also well represents the Sun near the base of the convection zone (Fig. 5C ) has no such mixing, but instead su ers mass loss during the course of its evolution. The upward ow of material into the convection zone, and subsequently out into the solar wind, counteracts the settling of helium, leaving a smaller helium concentration between 0.6R and 0.7R. We estimate the helium abundance to be 0:248 0:005 in the convection zone where the strati cation is adiabatic. This value is similar to previous estimates (19) .
Deviations from spherical symmetry split the degeneracy of the mode frequencies with respect to m. The component of the splitting that is odd in m is produced by those aspects of rotation that depend on odd powers of the angular velocity , the even component by everything else (including phenomena such as centrifugal force which depend on even powers of , and which cannot distinguish east from west). Here we consider only the even splitting, leaving discussion of rotation to (20) .
We determine the component of the deviation from spherical symmetry that is axisymmetric about the rotation axis. Only processes that produce a deviation in the wave propagation speed, or a distortion to the shape of the cavity within which the waves propagate, in uence the frequencies of the modes. Wave speed can be modi ed by sound-speed deviations and by a magnetic eld, or the wave can be advected by the component of large-scale material ow in meridional planes (21). Unfortunately one cannot distinguish between them by seismic frequency analysis alone (22) . Therefore we simply express the outcome of our analysis as a scalar wave-speed variation. Inversions are carried out in a manner analogous to those for the spherically averaged structure, except that now the latitudinal dependence of the waves must be taken into account (23) .
The only signi cant aspherical variation is con ned to a shallow layer immediately beneath the solar surface (Fig. 6 ). This nding is consistent with previous inferences (24) . Moreover, the variation of wave speed with latitude is very similar to the brightness temperature of the solar atmosphere, which con rms previous ndings (24) . The wavespeed variation (Fig. 7) is less well resolved than the spherically averaged sound speed (Figs. 3{5) , and is therefore less reliable. The reason is that it depends on very small frequency di erences, which are of order 0.1 Hz, rather than on the full mode frequencies. As GONG runs for longer, the results will improve. However, the precision will be limited by the structural changes that the Sun will undergo in the course of the solar cycle.
There is no signi cant asphericity (Figs. 6 and 7) beneath r ' 0.9R. Therefore, we nd no evidence for a deeply seated thermal perturbation or magnetic eld. If there were a eld concentrated in a layer of thickness 0.1R, say, as some dynamo theorists have postulated (25) , we could set an upper bound to its average intensity over that layer of a few tens Tessla. That bound is not inconsistent with dynamo models (25) .
We have made two suggestions that might possibly account for the discrepancies in the sound speed: mass loss and material mixing. Both require that material now in the convection zone has previously been at higher temperature. That could have caused the light chemical elements lithium and beryllium to have been partially destroyed by nuclear reactions. Both possibilities have been proposed before to explain the observed Li and Be de ciencies in the atmospheres of the Sun and other similar stars; now we have evidence that one of them might be correct. The model in Fig. 5C has lost 10% of its mass, most of it in the rst 10 9 years., and it reproduces the observed lithium de ciency in the solar photosphere. However, there are also plausible mechanisms for material mixing, including weak convective overshooting (26) , nonlinear wave transport (27) , rotationally induced shear turbulence (28) and Ekman circulation (29) . To distinguish the di erent possibilities will require a more highly resolved picture of the transition at the base of the convection zone (30) , including the shear in the angular velocity (20) .
The discrepancy in the energy-generating core might also be a symptom of macroscopic motion, which transports the products of the nuclear reactions from their sites of production. That would modify the neutrino emission rates, and thereby change the status of the solar neutrino problem, despite evidence that at least part of the problem lies in elementary-particle physics (32) . It would also lengthen the life expectancy of the Sun, by replenishing spent hydrogen fuel. The implications are far reaching: for example, if other stars behave similarly, the con ict between the age estimates of globular clusters and some lesser age estimates of the Universe would be exacerbated. Such motion would also transport angular momentum. It would therefore leave a signature in the variation of angular velocity in the core. 399 (1993) . In a sphere, like the Sun, the phases of waves on adjacent planes containing the center of the sphere must also be in appropriate relative phase for resonance to occur. 7. Frequencies depend also on the variation of density, but to a lesser extent than they do on sound speed (see note 9). 8. That time is inversely proportional to the magnitude of the group velocity and is directly proportional to the relative density of ray-path segments. 9. Because resonance results from constructive phase coherence, it is the phase speed that is relevant here. In a uniform uid, the group and phase speeds have the same value, c, which satis es c 2 = 1 p= . But in a medium strati ed under gravity, like the Sun, density gradients cause the two speeds to di er. A magnetic eld would also contribute to the di erence. Here the term`wave speed' always means phase speed, which is higher than the magnitude of the group velocity. Except near the surface of the Sun, both the phase and the group speeds are almost the same, and accordingly in the text we shall often use the term`sound speed' to denote phase speed, because it is more familiar. When comparing the Sun with models we use c 2 or u = p= rather than c because, being proportional to T= , it is more readily comprehended. 10. J. Christensen-Dalsgaard, J. Schou, and M.J. Thompson, Mon. Not. Roy. Astron. Soc. 242, 353 (1990) .
11. This technique has been carried out only using asymptotic representations of the resonance conditions, e.g. J. Christensen-Dalsgaard et al., Nature 315, 378 (1985) . Fig. 2A . The subsidiary variable to c 2 , here 1 , could be any function of the seismic structure that is independent of c 2 , such as . We have carried out inversions for several di erent pairs of variables, to con rm the robustness of our inferences against contamination by the neglected integral of the second variable. The averaging kernels can be dangerously large very near the surface, where all the data kernels are large, particularly when least-squares frequency-tting techniques are used to construct i . Indeed, it is partly for this reason that naive tting of raw frequencies can be misleading. To obviate contamination by surface e ects one subtracts from all i an arbitrary function of i divided by the modal inertia, which is the functional form of any surface uncertainty (see ref.
3). 13. That sets the radius of the base of the adiabatically strati ed part of the convection zone at about 0.709R. This value is somewhat less than the value 0.713R obtained previously by J. Christensen-Dalsgaard, D.O. Gough and M.J. Thomp-after having ltered out surface e ects, and then comparing it with theoretical models (31) . The signature of the transition oscillates with phase, in step with the eigenfunctions, with an amplitude which is smaller than that of the reference model, con rming that, if spherical, the transition is smoother than that of the model. The apparent smoothness might have come about because what has been observed is actually the spherical average of an aspherical structure. We note that adiabatic convective overshooting is likely to increase the amplitude; therefore if such overshooting occurs in the Sun the physical discrepancy is actually greater than it appears at rst sight. There is some indication that the amplitude of the oscillatory signal varies with the ratio m=l of azimuthal order to degree. This suggests that the structure of the lower boundary layer of the convection zone might vary with latitude. Although at present this is no more than a hint, it points to an exciting direction of research with further long-term seismic data. Figure 1 : The rst two images depict acoustic ray paths for modes with n = 20, l = 1 and n = 20, l = 2, which have similar frequencies, but penetrate to di erent depths. The extent to which the structure of the Sun in uences their frequencies is represented by the intensity of the brown and red shading. The third image is the result of subtracting the red from the brown, the green intensity representing the sensitivity to the frequency di erence. Notice that the greatest intensity is in the region between the lower limits (caustics) the two ray paths in A and B. The dashed curve is the square of the spherically averaged sound speed in the Sun. The solid curve corresponds to a standard theoretical model. The magnitudes of the slopes of the curves are lower immediately beneath the convection zone, where the temperature gradient is too small to drive the instability. It is evident from the inset that the convectively unstable region of relatively high slope extends somewhat more deeply into the Sun than it does in the model. 
